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Abstract
The condition of vanishing of static force on a q-brane probe in the gravitational back-
ground produced by another p-brane is used to give a simple derivation of the pair-wise
intersection rules which govern the construction of BPS combinations of branes. These
rules, while implied also by supersymmetry considerations, thus have purely bosonic ori-
gin. Imposing the no-force requirement makes possible to add branes ‘one by one’ to con-
struct composite BPS configurations (with zero binding energy) of 2-branes and 5-branes
in D=11 and of various p-branes in D=10. The advantage of this elementary approach is
its universality, i.e. the cases of different dimensions and different types of branes (e.g.,
NS-NS, R-R and ‘mixed’ combinations of NS-NS and R-R branes in D=10) are all treated
in the same way.
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1. Introduction
Recent developments in string theory suggest the importance of better understanding
of the structure of composite p-brane solutions 10 and 11 dimensions. One is usually inter-
ested in stable extreme configurations which preserve some supersymmetry. For classical
bosonic solutions the relevant condition can be stated as a special property of the cor-
responding background fields (e.g., special holonomy of appropriate connection), which,
upon embedding of the solution in a supergravity theory, implies preservation of some
amount of supersymmetry. It may be useful to try to distinguish the condition of residual
supersymmetry from that of the BPS one since the latter concept is defined already in a
bosonic theory.1 The BPS configurations with zero binding energy (the only ones which
will be considered in this paper) are determined by solutions of linear Laplace equations
and thus satisfy the ‘no force’ condition, allowing one to displace constituents at no cost
in the energy.
A further clarification of the role of BPS condition in string theory may provide clues
about M-theory. While in string theory there is a remarkable principle of the world-sheet
conformal invariance that determines the higher-order corrections to the classical target
space effective action, no similar principle is known in 11-dimensional theory. At the same
time, several backgrounds for which the string σ-model has the property of exact conformal
invariance (like the fundamental string and the solitonic 5-brane) are expressed in terms
of functions which satisfy the Laplace equation and thus obey the BPS property. The
Laplace equation condition directly follows from the special structure of background and
the condition of conformal invariance (the vanishing of Laplacian effectively corresponds to
marginality of relevant vertex operator). This suggests that some appropriate ‘relaxation’
of BPS condition may be a counterpart of conformal invariance of the string σ-model in
the case of p-branes.
Below we shall demonstrate how one can determine the basic features of composite
BPS p-brane backgrounds by considering a q-brane probe moving in a background pro-
duced by a p-brane source and findind which relative orientations of the probe and the
source lead to ‘no-force’ condition. Having established which combination of a q-brane and
a p-brane preserves the BPS property one may consider their composition as a source for
a more complicated background. Next, one can add another m-brane probe, orient it in a
‘no force’ way, etc. This simple procedure works for M-branes of 11-dimensional theory as
well as for various (NS-NS, R-R and mixed) p-brane configurations of D = 10 type II the-
ory. The results are consistent with other approaches in D = 10 (D-brane supersymmetry
analysis or study of potential between D-branes [1,2,3,4]) and D = 11 [5,6,7,8].
1 The BPS condition is obviously more general than that of residual supersymmetry: stan-
dard supersymmetry exists only in space-times of certain dimensions while classical bosonic BPS
configurations are possible in any number of dimensions.
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The composite BPS solutions which will be considered in this paper are the ones with
zero binding energy and the dimension of common transverse space > 2 (so that they are
localised in transverse space and have well-defined energy). In addition, there are two other
classes of possible BPS configurations which will not be discussed. The first consists of ‘no
force’ configurations with dimension of the transverse space being 1: (i) ‘intersection’ of two
NS-NS 5-branes over a string in D = 10 [9], S-dual intersection of two R-R 5-branes, and,
more generally, D-brane configurations with the number of Dirichlet-Neumann directions
equal to 8 [2,3,4]; (ii) ‘intersection’ of two 5-branes over a line in D = 11 [8]. The second
class includes 12 -supersymmetric solutions (sometimes obtained by applying S-duality in
10 or lower dimensions) which can be interpreted as strongly-coupled bound states with
non-trivial binding energy: 1NS‖1R [10], 0‖2, 1‖3, etc. [2] in D = 10, and 2‖5 in D = 11
[11,5,12].
2. D = 11
We shall first consider the D = 11 case which is effectively simpler then ‘dilatonic’
D = 10 one. Our starting point is the standard action for a p-brane moving in a background
of D-dimensional metric Gµν and (p+ 1)-form field Bµ1...µp+1
Ip = Tp
∫
dp+1σ[
√
− det Gˆmn + 1(p+1)! ǫm1...mp+1Bˆm1...mp+1 + ...] , (2.1)
Gˆmn = Gµν(x)∂mx
µ∂nx
ν , Bˆm1...mp+1 = Bµ1...µp+1(x)∂m1x
µ1 ...∂mp+1x
µp+1 . (2.2)
It will be sufficient for our purposes to ignore other possible terms in the p-brane actions
(e.g., terms involving world-volume vector or tensor fields). Adding this action as a source
to S = 1
2κ2
∫
dDx
√
g[R− 1
2(p+2)!
F 2p+2], Fp+2 = dBp+1 one finds the corresponding ‘electric’
p-brane solutions [13].
Let us choose the static gauge xm = σm (m = 0, 1, ..., p), so that
Gˆmn = Gmn(x) +Gij(x)∂mx
i∂nx
j , (2.3)
Bˆm1...mp+1 = Bm1...mp+1(x) +Bm1...mpi(x)∂mp+1x
i + ... .
For simplicity we assumed that the background fields do not depend on xm = ym, though
this is not necessary. We have also assumed that Gmi = 0, i.e. that the metric has a
‘block-diagonal’ structure. Expanding (2.1) in powers of derivatives of xi we get
Ip = Tp
∫
dp+1σ[ V (x) + 1
2
γklij ∂kx
i∂lx
j + ...] , (2.4)
V =
√
− detGmn + 1(p+1)! ǫm1...mp+1Bm1...mp+1(x) , (2.5)
2
γklij =
√
− detGmn GklGij , (2.6)
where V is the effective static potential. If V is not constant there will be a force term
in the corresponding equation of motion for the p-brane probe. Higher order terms in
the expansion give ‘velocity-dependent’ corrections to the potential. The ‘no-force’ BPS
configurations thus should lead to V = 0 or V = const. The resulting condition depends (i)
on a type of p-brane probe, (ii) on a form of background fields, and (iii) on an orientation
of the probe with respect to the background (i.e. to the source q-brane which produces
it). Similar considerations were used in some special cases in [14,15,16,13].
While the arguments below have a straightforward generalisation to the case of non-
dilatonic p-branes in D dimensions, we shall consider explicitly the specific examples which
are of most interest: 2-brane and 5-brane in 11 dimensions.
2.1. 2-brane probe in 2-brane background
The extremal BPS background produced by a 2-brane source is [15] (i = 1, .., 8)
ds211 = H
1/3(x)
[
H−1(x)(−dt2 + dy21 + dy22) + dxidxi
]
, (2.7)
B3 = −H−1(x)dt ∧ dy1 ∧ dy2 , ∂2H = 0 . (2.8)
H(x) is a harmonic function (which may depend only on part of x-coordinates, e.g., as a
result of taking a periodic array of 1-center solutions).
Suppose we put a 2-brane probe in this background. If the probe is oriented parallel
to the source 2-brane, i.e. it lies in the plane y1, y2, then the total effective potential V
vanishes because of the cancellation of the contributions of the ‘Nambu’ and ‘Wess-Zumino’
terms in (2.5) [15]2
V = [(H−2/3)3]1/2 −H−1 = 0 . (2.9)
The cancellation obviously depends on the power 1/3 in the prefactor in (2.7) (which is
thus directly related to the dimension of the brane world-volume) and on the sign of the
relative orientation of the source and the probe.
This implies that adding 2-branes parallel to the source 2-brane and considering the
field they produce one should still get a BPS background. Indeed, the corresponding
solution is given by (2.7),(2.8) with multicenter choice for H. The ‘metric’ γ in (2.2) is
flat in this case,
γklij = H
−1(H−2/3)−1H1/3ηklδij = η
klδij , (2.10)
2 Similar conclusion is reached if one does not fix the static gauge but just exands the action
in powers of derivatives of xi: V = H−1
√
| det(∂myk∂nyk)| −H
−1 det(∂my
k) = 0.
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so that corrections to the force start at fourth order in derivatives. This is actually true in
general for a p-brane source parallel to a BPS p-brane (for similar observations see, e.g.,
[13,17,4]).
What happens if the probe is oriented orthogonally to the y1, y2 plane, e.g., if it
lies in the x1, x2 plane, orthogonally intersecting the source 2-brane over one point? As
follows from the structure of (2.7),(2.8), in this case the effective potential (2.5) receives
contribution only from the first term (B3 has no components in x
i-directions). Counting
the factors of H coming from the common time direction and x1, x2 directions we find that
they cancel out,
V = [H−2/3(H1/3)2]1/2 = 1 , (2.11)
so that again there is no force on a static probe. In this case γklij in (2.2) is not constant,
γkli′j′ = G
klGi′j′ = γ
klδi′j′ , γ
00 = −H , γab = δab , (2.12)
where (i′, j′) correspond to the dimensions transverse to both source and the probe, and
(a, b) label two of xi dimensions along which the probe is lying. Thus here the corrections
to the force start at second order in the expansion in power of velocity.
If, however, the 2-brane probe shares one spatial dimension with the 2-brane source,
the potential is
V = [(H−2/3)2H1/3]1/2 = H−1/2 6= const , (2.13)
i.e. the configuration of the two 2-branes orthogonally intersecting over a line will not be
in equilibrium.
The conclusion is that the source composed of the two 2-branes orthogonally inter-
secting over a point should produce a static BPS background. Indeed, the correspond-
ing extremal field configuration exists and is an obvious generalisation of (2.7),(2.8) [5,6]
(i = 1, .., 6)
ds211 = (H1H2)
1/3(x)
[− (H1H2)−1(x)dt2 +H−11 (x)(dy21 + dy22) (2.14)
+ H−12 (x)(dy
2
3 + dy
2
4) + dxidxi
]
,
B3 = −H−11 (x)dt ∧ dy1 ∧ dy2 −H−12 (x)dt ∧ dy3 ∧ dy4 , ∂2H1,2 = 0 . (2.15)
This 2⊥2 solution corresponds to 2-brane sources being ‘delocalised’ in the internal dimen-
sions of each other (equivalently, it can be interpreted as an anisotropic 4-brane [18]). The
structure of the background is precisely such that adding a 2-brane probe parallel to each
of the two 2-brane planes we get zero force, in agreement with the possibility of multicen-
ter choices for each of the two harmonic functions H1,2 [6]. The metric γ in this case is
not constant (if the probe is parallel to the first 2-brane then γ00 = −H2, in agreement
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with (2.12)). This property – the presence of velocity squared corrections to the force – is
generic to backgrounds produced by BPS superpositions of two or more p-branes.
If the 2-brane probe is oriented orthogonally to each of the two 2-brane sources we
get again V = 1 as in (2.11). Hence there exists the 2⊥2⊥2 solution where all of the
2-branes intersect only over one point [5,6,7,8], etc. This provides a simple explanation
of the ‘harmonic function rule’ of [6], according to which each square of differential of a
coordinate of a BPS composition of branes should be multiplied by the inverse power of the
product of harmonic functions of branes it belongs to (relative to the common transverse
space interval).
The form of intersecting solutions is thus not accidental and, not unexpectedly, is
intimately connected with the structure of the corresponding p-brane actions.
2.2. Intersections of 5-branes with 5-branes and 2-branes
The story in the 5-brane case is very similar. The basic ‘magnetic’ solution in D = 11
is [18]
ds211 = H
2/3(x)
[
H−1(x)(−dt2 + dy21 + ...+ dy25) + dxidxi
]
, (2.16)
F4 = dB3 = ∗dH , ∂2H = 0 , (2.17)
where i = 1, .., 5 and ∗dH is the dual form in R5x. The 5-brane probe couples to the
dual ‘electric’ potential B6 defined by dB6 = ∗dB3, where the dual is taken with respect
to the full 11-dimensional metric (corrections due to the presence of the Chern-Simons
dB3 ∧B3 ∧B3 term in D = 11 action vanish for this solution)3
B6 = −H−1(x)dt ∧ dy1 ∧ dy2 ∧ dy3 ∧ dy4 ∧ dy5 . (2.18)
The background (2.16),(2.18) describes the ‘electric’ 5-brane solution of the ‘Einstein grav-
ity + 6-form’ action.
If the 5-brane probe is parallel to the 5-brane plane (y1, ..., y5) the static potential
(2.5) vanishes due to the cancellation of the two terms in (2.5) as in (2.9),
V = [(H−1/3)6]1/2 −H−1 = 0 , (2.19)
implying the existence of the BPS configuration of multiple parallel 5-branes (which is
described by the multicenter version of (2.16),(2.17)).
If the 5-brane probe is oriented so that it orthogonally intersects the 5-brane source
over n < 5 of ym dimensions, then, as follows from (2.16),(2.3),(2.5),
V = [(H−1/3)n+1(H2/3)5−n]1/2 = H(3−n)/2 . (2.20)
3 Other details of the structure of D = 11 5-brane probe action (see [19] and refs. there) will
not be relevant below.
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Thus the no-force condition is realised only if the two 5-branes intersect over a 3-space,
in agreement with the suggestion in [5]. The 5⊥5 background produced by two 5-branes
orthogonally intersecting over a 3-space (and delocalised in the common internal 7-space)
is given by [5,6]
ds211 = (H1H2)
2/3(x)
[
(H1H2)
−1(x)(−dt2 + dy21 + dy22 + dy23) (2.21)
+ H−11 (x)(dy
2
4 + dy
2
5) +H
−1
2 (x)(dy
2
6 + dy
2
7) + dxidxi
]
,
F4 = ∗dH1(x) ∧ dy4 ∧ dy5 + ∗dH2(x) ∧ dy6 ∧ dy7 , ∂2H = 0 , (2.22)
where ∗dH is the dual with respect to the transverse space R3x, so that
B6 = −H−11 (x)dt∧dy1∧dy2∧dy3∧dy4∧dy5−H−12 (x)dt∧dy1∧dy2∧dy3∧dy6∧dy7 . (2.23)
This can be interpreted as a background produced by a source built out of two ‘elementary’
5-branes oriented along (y1, y2, y3, y4, y5) and (y1, y2, y3, y6, y7), i.e. having a common 3-
space.
Putting a 5-brane source in this 5⊥5 background one learns that the no-force condition
is satisfied only if the probe is parallel to any of the two constituent 5-branes or if it
intersects any of the two over a 3-space. That, in turn, implies the existence of the BPS
configuration of the three intersecting 5-branes, each pair sharing a 3-space (and thus all
three having one common ‘string’ direction) [5,6]. One may continue the process of adding
new 5-branes, getting new BPS configurations as long as the above intersection rule is
satisfied and one does not exceed the total number 10 of spatial dimensions [8].
The next natural step is to consider a 2-brane probe in the 5-brane background
(2.16),(2.22). One learns that the potential (2.5) is constant only if the 2-brane shares
one common dimension with the 5-brane, i.e. it intersects the y1, ..., y5 hyperplane over
a line and has the second direction oriented along one of the transverse coordinates xi.
In this case V = [(H−1/3)2H2/3]1/2 = 1 (the WZ term does not contribute here). Not
surprisingly, the same conclusion is reached by studying the 5-brane probe in the back-
ground produced by the 2-brane source (2.7),(2.8). As far as the potential is concerned,
the picture is completely symmetric with respect to the source and the probe: what we are
discussing is just the static force between the two branes interacting via massless graviton
and 3-form field exchanges (described by R+ F 24 action).
As a result, there should exist ‘mixed’ BPS backgrounds produced by intersecting
2-branes and 5-branes under the rule that any 2-brane and 5-brane can intersect over a
line, 2 and 2 can intersect over a point, and 5 and 5 can intersect over a 3-space, namely,
2⊥5, 2⊥2⊥5, 2⊥5⊥5, 2⊥2⊥5⊥5, etc. [6,7,8]. This conclusion is true in the bosonic sector
of the theory and, as clear from the above, is not directly related to the embedding in
the supergravity theory (residual supersymmetry is only a particular consequence of the
special geometrical properties of the bosonic BPS backgrounds).
6
3. D=10
Let us now demonstrate how similar simple considerations imply the rules of con-
structing composite BPS configurations of various branes in 10-dimensional type IIA,B
theories.
3.1. p-branes of NS-NS sector
The NS-NS fundamental string background is encoded in the following string σ-model
Lagrangian (written in the conformal gauge, and omitting the coupling to the dilaton φ)
[14,20]
L = H−1(x)∂+u∂−v + ∂+xi∂−xi , ∂
2H = 0 , (3.1)
where u, v = y ∓ t, i.e.
ds210 = H
−1(x)(−dt2 + dy)2 + dxidxi , B2 = −H−1dt ∧ dy , e2φ = H−1 . (3.2)
The action and potential for a classical test string moving in a D = 10 type II theory
background is given by (2.1),(2.4),(2.5). If the probe is oriented parallel to y we get zero
potential V (2.5) and flat metric γ (2.6) [13] (as can be seen also by evaluating L (3.1)
in the static gauge t = τ, y = σ, ∂+u = 0, ∂−v = 0). This is related, via dimensional
reduction, to analogous facts about D = 11 2-branes [15]. If the string probe is oriented
orthogonally to the test string the potential is non-constant (V = H−1/2), i.e. this is not
a BPS configuration (cf. the presence of a non-zero force between the D = 11 2-branes
which have one common direction).
The NS-NS solitonic 5-brane background is described by [21,22]
ds210 = −dt2 + dy21 + ...+ dy25 +H(x)dxidxi , dB2 = ∗dH , e2φ = H . (3.3)
There is obviously no force (V = 1) on the string probe parallel to the 5-brane directions
ym, implying the existence of the composite 1‖5 BPS configuration [23] (which can be
viewed also as a reduction of 2⊥5 in D = 11 [6]). The ‘metric’ γ (2.6) is non-trivial
(γklij = H(x)η
klδij), i.e. there are velocity squared corrections to the force. Explicitly,
the static-gauge action of a string probe moving in a single 5-brane background is (s =
2, 3, 4, 5; i = 1, 2, 3, 4)
I1 = T1
∫
d2σ[1 + 1
2
∂nx
s∂nxs + 1
2
H(x)∂nx
i∂nxi + ...] , H = 1 +
Q5
x2i
. (3.4)
The same action is found for a string probe moving in the 1‖5 bound state background
[23] (s210 = H
−1
1 (−dt2 + dy21) + dysdys +H5dxidxi, etc.) parallel to the source string: all
dependence on H1 cancels out.
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If the string probe is oriented orthogonally to the 5-brane (i.e. the string and 5-
brane intersect at one point) then V = H1/2 6= const, i.e. there is no stable 1NS⊥5NS
configuration.
The action for a NS-NS 5-brane probe moving in D = 10 background [24]
I5NS = T5
∫
d6σ[e−2φ
√
− det Gˆmn + 16!ǫm1...m6Bˆm1...m6 + ...] , dB6 = ∗dB2 , (3.5)
differs from (2.1) by an extra dilaton factor in the first term.4 This factor then appears
also in the corresponding potential V and metric γ (cf. (2.5),(2.6)).
The potential for a 5-brane probe moving in the fundamental string background and
oriented parallel to the string source is thus
V = e−2φ
√
− detGmn = H[(H−1)2]1/2 = 1 . (3.6)
This is of course the same conclusion as reached above for a string probe moving in the
5-brane background.
If we consider a 5-brane probe in a 5-brane background then the potential vanishes if
the probe is parallel to the source (the contribution of the WZ term is then non-zero). If
the source and the probe share n < 5 spatial dimensions then
V = e−2φ
√
− detGmn = H−1(H5−n)1/2 = H(3−n)/2 , (3.7)
i.e. the static D = 10 NS-NS 5-branes are allowed to intersect over 3-spaces without
experiencing a force, just like the 5-branes of 11-dimensional theory (cf. (2.20)). This is
consistent with the fact that the 5⊥5 background in D = 11 gives the 5NS⊥5NS solution in
D = 10 upon direct (or ‘periodic array’) dimensional reduction along one of the dimensions
of the common transverse 3-space. The metric γ is non-trivial in all cases except 5NS‖5NS .
Having established the rules of no-force pair-wise combinations of NS-NS strings
and 5-branes one is able to determine possible composite BPS configurations, e.g.,
1NS‖5NS⊥5NS , etc.
4 This factor appears upon dimensional reduction if one starts with the D = 11 5-brane
action (2.1) and uses the ansatz (relating the D = 11 and D = 10 space-time actions) ds211 =
e
4
3
φdx211 + e
−
2
3
φds210, where ds
2
10 corresponds to the string-frame metric.
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3.2. R-R branes
The p-branes supported by a R-R charge (Dp-branes) are described by the actions
similar to (2.1) (we shall assume that p < 7)
IpRR = Tp
∫
dp+1σ [ e−φ
√
− det(Gˆmn + Bˆmn) + 1(p+1)! ǫm1...mp+1Cˆm1...mp+1 + ...] , (3.8)
with the extra dilaton factor, the Bˆmn = Bµν(x)∂mx
µ∂nx
ν term in the ‘Nambu’ part and
the R-R (p + 1)-form field in the WZ part (dots stand for other terms involving world-
volume vector field [25,26]). Bµν effectively couples only to the ‘transverse’ coordinates,
so that the analogs of the potential V and the metric γ in (2.5),(2.6) are
V = e−φ
√
− detGmn + 1(p+1)! ǫm1...mp+1Cm1...mp+1(x) , (3.9)
γklij = V G
kl(Gij +Bij) .
The extremal type II background produced by a R-R charge (or a Dp-brane source) [27]
can be represented as
ds210 = H
1/2[H−1(−dt2 + dy21 + ...+ dy2p) + dxidxi] , e2φ = H(3−p)/2 , (3.10)
with Cp+1 = −H−1dt ∧ dy1 ∧ ... ∧ dyp in the ‘electric’ cases and dC7−p = ∗dH in the
‘magnetic’ ones.5
Consider a Dq-brane probe moving in a Dp-brane background. If p = q and the probe
and the source are parallel to each other, then V = H−1 − H−1 = 0, γklij = ηklδij (in
agreement with similar conclusions in [17,4]). If the probe and the source share n common
spatial dimensions then the resulting potential V (3.9) and the 00-component of the metric
γ (3.9) are given by (the WZ term does not contribute in this case)
V = H−(3−p)/4[(H−1/2)1+n(H1/2)q−n]1/2 = H(p+q−2n−4)/4 , (3.11)
γ00ij = H
(p+q−2n−4)/4H1/2H1/2δij = H
(p+q−2n)/4 δij . (3.12)
The ‘no-force’ condition
p+ q − 2n = 4 , (3.13)
is, as expected, symmetric under interchanging of the probe and the source. It is consistent
with the condition of unbroken 14 supersymmetry, or the vanishing of static potential (1-
loop vacuum energy of the open superstring in the presence of D-branes) derived using
5 A simple ‘explanation’ of the structure of the metric in (3.10) can be given by using formal
T-duality considerations starting from flat space (or 9-brane) [28]. For p = 1, 5 this structure is
implied also by the type IIB SL(2)-duality relation to the NS-NS string and 5-brane backgrounds.
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the open string theory representation of D-branes [2,3,4], namely, that the number of
Dirichlet-Neumann directions (= p+ q − 2n) should be 4 (or 8), as well as with T-duality
considerations [28,29].6
The allowed configurations are thus
n = 0 : 4‖0, 3⊥1R, 2⊥2; n = 1 : 5R‖1R, 4⊥2, 3⊥3; (3.14)
n = 2 : 6‖2, 5R⊥3, 4⊥4; n = 3 : 7‖3, 6⊥4, 5R⊥5R ,
with the metric γ being non-trivial in all cases except p = q = n, in agreement with the
presence of velocity-squared terms in the force as computed in [17,4]. For example, the
action for a 0-brane probe moving in a 4-brane background is thus (cf. (3.4))
I0 = T0
∫
dτ [1− 1
2
∂τx
s∂τx
s − 1
2
H(x)∂τx
i∂τx
i + ...] , H = 1 +
Q4
x3i
, (3.15)
where xs are 4 directions parallel to the 4-brane and xi are 5 transverse directions. This
reproduces the moduli space metric of the D0-D4 system discussed in [30]. As might be
expected, the same action is found for a 0-brane moving in the 4‖0 bound state background
[6] (ds210 = (H0H4)
1/2[−(H0H4)−1dt2+H−14 dysdys+ dxidxi], e2φ = H3/20 H−1/24 , etc.), i.e.
the dependence on H0 cancels out. The action for a D-string in the D5-brane background
is, of course, equivalent to (3.4).
‘Adding’ Dp-branes one by one according to these pair-wise superposition rules one can
explicitly construct the backgrounds produced by several intersecting D-branes as sources,
e.g., 2⊥2⊥2, 1⊥3⊥3, 3⊥3⊥3⊥3, etc. [6,7,31]. By considering a test D-brane propagating in
these composite backgrounds one finds that the no-force condition is satisfied if the probe
is oriented with respect to any of the constituent branes according to (3.13),(3.14).
3.3. ‘Mixed’ configurations of NS-NS and R-R branes
Let us now study the Dp-brane probes moving in the NS-NS string (3.2) and 5-
brane (3.3) backgrounds, and vice versa, the elementary string and NS-NS 5-brane probes
moving in the R-R p-brane background (3.10). The resulting no-force conditions should of
course be invariant under interchange of the probe and the source. This provides a useful
consistency check.
6 The case of p + q − 2n = 8 (which includes, e.g., n = 0 : 5⊥3, 4⊥4; n = 1 : 5⊥5) is special
as it corresponds to solutions with 1-dimensional common transverse space. The correspondence
between open string representation of D-branes and classical backgrounds is not clear in this case,
as the solutions (like the ones in [9,8]) are ‘localised’ and have too few isometries, while D-branes
in the open string picture are all simply related by T-duality transformations.
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If the Dp-brane probe is placed in the fundamental string background so that the
string source is orthogonal to the Dp-brane hyperplane then the resulting potential (3.9)
is constant due to the cancellation between the dilaton factor and the factor of the time
component of the metric in (3.2), V = H1/2H−1/2 = 1. Thus there should exist stable
configurations where a fundamental string orthogonally intersects a D-brane over a point,
i.e. 1‖0, 1NS⊥1R, 1NS⊥3, 1NS⊥5R, etc.7
If the Dp-brane with p > 0 is parallel to the NS-NS string source then V (3.9) is
nontrivial
V = H1/2(H−2)1/2 = H−1/2 , (3.16)
i.e. ‘1NS‖ Dp-brane’ configurations do not satisfy the ‘no-force’ condition. Note in this
connection that the BPS bound state 1NS‖1R [10] has a non-vanishing binding energy
(similar bound states are 2‖5 in D = 11 [11] and 2‖0, 3‖1, 4‖2, etc. in D = 10 [2,33,12]).
Such configurations (which are 12 -supersymmetric) have a different (‘strong-coupling’) na-
ture than the BPS bound states with zero binding energy discussed in this paper (which
preserve 14 or less of maximal supersymmetry).
For a Dp-brane probe placed in the solitonic 5-brane background (3.3) so that the
probe and the source are parallel to n common spatial dimensions (with p − n ≤ 4 to fit
into the D = 10 space-time) we find that V in (3.9) is given by
V = H−1/2(Hp−n)1/2 = H(p−n−1)/2 . (3.17)
The stable configurations must have p− n = 1, i.e. all but one dimension of the D-brane
should be parallel to the NS-NS 5-brane, i.e.
n = 0 : 5NS⊥1R; n = 1 : 5NS⊥2; n = 2 : 5NS⊥3; (3.18)
n = 3 : 5NS⊥4; n = 4 : 5NS⊥5R; n = 5 : 5NS‖6 .
These results are consistent with some of the already obtained above: 5NS⊥1R is related
to 5R⊥1NS and 5NS⊥3 to 5R⊥3 by S-duality of type IIB theory, 5NS⊥2 of type IIA theory
is the direct dimensional reduction of 5⊥2 in 11 dimensions, 5NS⊥4 is the reduction of
11-dimensional 5⊥5.
Equivalent conclusions are, indeed, reached by considering the NS-NS string or 5-
brane probes moving in the Dp-brane background (3.10). The test string ‘feels’ only the
metric in (3.10) while the test 5-brane is directly coupled only to the metric and the
dilaton components of the Dp-brane background. If the string is oriented orthogonally to
the Dp-brane, then V = [H−1/2H1/2]1/2 = 1, while if it is parallel to the Dp-brane then
V = [(H−1/2)2]1/2 = H−1/2, in agreement with (3.16). A test NS-NS 5-brane parallel to
n spatial dimensions of the Dp-brane has the potential (3.7)
V = H−(3−p)/2[(H−1/2)n+1(H1/2)5−n]1/2 = H(p−n−1)/2 , (3.19)
i.e. the same as in (3.17).
7 This is an analogue, for the static classical BPS backgrounds, of the expectation that the
fundamental strings can ‘end’ on D-branes [32,2].
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4. Concluding remarks
The aim of the present paper was to demonstrate how one can determine the structure
of composite BPS configurations of p-branes using as an input only the knowledge of (i)
the background fields produced by a single brane source and (ii) the basic terms in the
action for a p-brane probe. The form of the background encodes the information about
relevant massless fields and their couplings to the brane.
The resulting rules of superposing branes in D = 10 are, essentially, implied by the
rules in D = 11. The explicitly known BPS configurations in D = 11 (‘boosted’ 2-brane
2 ↑, ‘boosted’ 5-brane 5 ↑, intersections 2⊥2, ..., 2⊥5⊥5, etc., intersections with ‘boosts’
2⊥5 ↑, etc. [6,7]) may be viewed as an economic way of describing, via dimensional
reduction, various ‘mixed’ backgrounds in D = 10. If the D = 11 configuration satisfies
the ‘no-force’ rules, the same will be true for D = 10 configurations which are related to
it by dimensional reduction.
To illustrate this, let us consider some examples, following [6,7]. 2 ↑ leads to two IIA
solutions in D = 10: (i) reducing along the boost direction we get 1NS‖0, i.e. a bound
state of a fundamental string and a 0-brane8 (T-dual to the boosted R-R string of type IIB,
1RR ↑); (ii) reducing along the other internal direction gives 1NS ↑ (T-duality gives back
the boosted NS-NS string, now as a IIB solution). Note that the two different reductions
of D = 11 solution are related by T- and S- dualities in D = 10. Similar relations are
often true in other cases. For 5 ↑ one finds: (i) reducing along the boost direction we get
4‖0, i.e. a bound state of a 4-brane and a 0-brane (T-dual to 3⊥1R type IIB solution);
(ii) reducing along any other internal direction gives 4 ↑; T-duality then gives either (3 ↑)1
(the subscript indicates the number of extra compact isometric transverse dimensions, the
total number of which remains the same in the process of reduction and T-duality) or
3⊥1NS . 2⊥2 in D = 11 reduces to 2⊥1.
2⊥5 has the following reductions toD = 10: (i) 2⊥4 (T-dual to 1R‖5R, 3⊥3, (1R⊥3)1);
(ii) 1⊥4 (T-dual to 5R ↑, (1NS⊥3)1); (iii) 1‖5 (T-dual to 5NS ↑ and 1NS‖5NS as a IIB
solution, related by S-duality to 1R‖5R). 5⊥5 reduces to: (i) 5⊥4 (T-dual to (5NS‖3)1
and 5NS⊥3); (ii) 4⊥4 (T-dual to (3⊥3)1 and 3⊥5R).
Similar analysis can be repeated for 2⊥2⊥2, 2⊥2⊥5, etc. As a result, starting with
one configuration in D = 11 and reducing it in different ways one gets various BPS con-
figurations in D = 10 (with some being related by T-duality and type IIB S-duality), all
of which, remarkably, having a common origin in D = 11 theory.
8 The knowledge of explicit solution for a 0-brane lying on a closed string (1‖0) is interesting
since this is the only case where an ‘intersecting’ configuration formally looks like an ‘ending’
configuration (or like an open string wound around the compact direction, with both ends attached
to the 0-brane). Note, however, that starting with 2 ↑ in D = 11 we are getting a ‘smeared’
solution, i.e. the 0-brane is not localised on the fundamental string (the harmonic functions for
the string and the 0-brane both depend only on 8 transverse directions).
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